A major challenge during the design process of a modern low aspect ratio high speed axial compressor is to find rotor blade geometries that meet both, aerodynamic and mechanical requirements. This paper deals with the mechanical design of a transonic compressor blade. In order to meet the mechanical requirements in a short development time, new methods were used: A numerical optimization tool and an optical blade vibration measurement method:
Introduction
The design of aero engine rotor blades is an iterative process between the aerodynamic and structural departments. The standard process is an iterative exchange of more or less intuitive variations of the blade geometries based on the experience of the involved engineers. In difficult cases this procedure can take several weeks. In these irregular cases with the use of the numerical optimization techniques offered by the commercial finite element system SAMCEF [1] a significant acceleration of the whole design process could be achieved at MTU.
After designing the blades, the hardware has to prove the results of the analytical process under real engine con-ditions. Compressor rotor blade vibration measurements are crucial to the proper assessment of critical operating conditions and the prediction of blade life. Usually, at MTU these measurements are performed using strain gauges or the frequency-modulated grid system (FM grid). Both methods are very costly and time consuming. Therefore, MTU started work on an optical blade vibration measurement (OBM) system several years ago in an attempt to provide an advanced alternative measurement solution to the two standard techniques. This system now is in service proving the concept to be right. It easily can be used at any compressor without touching the blades by only mountig optical probes in the compressor casing. As a result, blade resonance frequencies and amplitudes of any blade can be measured precisely and easily in a short time at low cost. This paper describes the application of both methods, the numerical and the experimental, to the axial transonic single stage wide chord research compressor of the Department of Gasturbines and Flight Propulsion of Darmstadt Technical University (THD). The test article is designed very much like the first stage of a state of the art high pressure compressor (HPC). Blade aspect ratio is approximtively 1 running in a bladed disk (BLISK, Fig. 1 ) arrangement at 20,000 rpm speed. The compressor design is described in [2] and aerodynamic results are presented in [3] .
Numerical Optimization Techniques for the Blisk Design Process
In the start configuration proposed by the aerodynamic department the analysis of the blade frequencies revealed a situation, where the frequency of the second bending mode (2F1T -second bending mode with coupled torsion) at zero rpm was just 2% below the frequency of the first torsional mode (1T2F -first torsional mode with coupled bending). Due to the higher frequency increase of the second bending mode with rotational speed (stiffening from centrifugal loading) a mode shape transfer (coupling) between both modes was analyzed in the range from 60% to 80% nominal speed. Mode shape exchanges of this kind most of the time are aeroelastically unstable and must be avoided. The start geometry of the blades therefore had to be changed in such a way, that in the new configuration the frequency of the second bending mode would be distinctively higher in the whole operation range than the frequency of the first torsional mode.
The task for the redesign process therefore was to maximize the frequency of the second bending mode (2F1T) with additional constraints on the upper boundaries of the first bending (1F) and first torsional (1T2F) mode. This was done by using SAMCEF for a sizing optimization of the blade profile thicknesses. For this purpose the blade was modelled with 260 4-node Mindlin-type plate elements (13 elements chordwise by 20 elements spanwise), each element with a characteristic thickness ti to be optimized. To explain the definition of the optimization problem (design variables, direct and indirect constraints) Fig.2 shows a reduced, simplified general scheme of the blade model with element numbers. With reference to Fig.2 For each group the element with the maximum thickness was defined as reference element. The thicknesses of the reference elements were the design variables, and within each group the thicknesses of all elements were changed with the same relative value. With this procedure the characteristics of the aerodynamic profiles were preserved for all possible variations of the design variables. Additionally it had to be assured that for all proposals of the optimization code the blade thicknesses must decrease from the blade root to the tip with due respect to the static stresses at the root from centrifugal loading. This was done with constraints on linear combinations of the design variables (Fig. 2 ). With these numerical inequalities minimum and maximum spanwise gradients for the thicknesses could be defined.
Finally the maximization of the frequency of the second bending mode was declared to be the objective function, and together with constraints for the upper boundaries of the frequencies of the first bending and first torsional mode the definition of the optimization problem was completed. All in all the sizing optimization to be performed by SAMCEF had a total number of 260 plate elements, 20 design variables, 22 direct constraints and 38 constraints on linear-combinations of design variables. To solve the problem SAMCEF uses approximation concepts, which replace the real optimization problem with a series of explicit subproblems. These subproblems are obtained by expanding the objective function and the constraints up to the first order in the neighbourhood of a given design point (convex linearization). Details of the numerical methods are given in [1] , [4] , [5] . Actually the optimization process in SAMCEF is an iterative repetition of two program modules. Starting with the current geometry a finite element analysis (normal mode analysis) gives the values of the objective function and of the characteristic constraints and their derivatives (first order). With these linearized sensitivities (Fig. 3 ) the approximated optimization problem is solved in the OPTI-module and a proposal for the new geometry is delivered. Based on this new geometry another modal analysis is performed giving the new real frequency values and their new sensitivities. These sensitivities again are the basis for a new optimization run and so on. The procedure is repeated until the proposals of the optimization module converge to a final solution. The advantage of this analytical sizing optimization tool is, that it is very fast (1 minute CPU for a complete modal analysis on an IBM RS6000/590 workstation and half a minute CPU for running the OPTI-module) in comparison to other real three dimensional shape optimization codes used at MTU [5] . For the actual application discussed here within a few days a solution was found with a resonance situation of Fig. 4 . For the finally milled research blisk this figure also shows the experimental frequencies measured at zero rpm with a laser holography system. The corresponding holographic modal contours for mode 2 and 3 are given in Fig. 5 . As can be seen the analytical prediction for the optimized blade could be realized quite well with the manufactured blisk, which is also confirmed by the experimental resonances between the first bending mode and the third, fourth and fifth harmonic excitation order measured with the new optical vibration monitoring system described in the next section. 
Optical Blade Vibration Measurement
The basic idea of optical blade vibration measurement (OBM) is known since for many years [6] [7] . Optical trigger probes are installed in the compressor casing above the rotor, and the blade transit times between probes are measured. In the absence of blade vibration, these transit times are a function of rotor speed, rotor radius and circumferential probe position. In the presence of disturbing vibrations, transit times deviate from those in the undisturbed condition, the blades passing the probes earlier or later than normal, depending on their momentary deflection. Analysis of these transit time deviations will then identify the amplitudes and frequencies of the blade vibrations encountered.
Comparative Assessment of the OBM System
The advantages the OBM system affords over strain gauge and FM grid systems are these:
• the blades remain free from instrumentation • the instrumentation effort on the casing is reduced • the transmission medium between the rotor and the stator is eliminated • the measurements are concurrent on all blades.
The OBM technique therefore appreciably drives down cost, economizes preparation and setup time and moreover involves all of the blades in the measurement.
The OBM technique is embarrassed by a disadvantage insofar as the blade vibration scanning frequency is defined by the rotor speed and the small number of probes installed. The scanning frequency f s , therefore, in most cases does not exceed the blade vibration frequencies f v by a factor of 2, which would be necessary for a definite determination of of the vibration frequencies (Nyquist criterion). Generally, then an aliasing-frequency f a ∈ {0, f s /2} will be measured, correlated to the unknown real vibration frequency by the equation
The unknown factor k (or k ) will mostly be easily determined using auxiliary information (e.g. theoretical modal analysis), rendering the results definite.
Use of OBM Technique at MTU
To take advantage of the capability of the process, an OBM system was set up at MTU, consisting of
• special optical probes with associated transmitter and receiver • electronic signal conditioning circuitry • timing system • computer and software to acquire, store and analyze test data and being able to measure vibration amplitudes as small as 10µm p at blade passing frequencies up to 150 kHz.
This measurement system has given entire satisfaction in several component rig and main engine experiments, when it demonstrated good agreement of OBM results with strain gauge data. The wide scatter of amplitudes from one blade to the next accentuates the advantage the OBM technique provides by covering all of the blades, since extrapolation of randomly selected individual blade results (strain gauge) to values for the full blade population would distort the test evidence. The OBM system incidentally proved a useful tool to measure blade untwist at rising rotor speed.
OBM System Setup at the Research Compressor
Plans were to map amplitudes and frequencies of rotor blade vibrations over the entire speed envelope of the single-stage transonic compressor at Darmstadt Technical Universtiy to ensure safe compressor rig operation also in the absence of vibration monitoring.
Owing to modest funding, optical blade vibration measurement remained the only practicable approach to the measuring problem.
In preparation for OBM system operation, totally seven flanges to accommodate the optical probes were fitted on the compressor casing above the rotor at the same axial position. Three of the probes were circumferentially spaced 120 o apart, and five 72 o apart (see Fig. 6 ). To keep the complexity of the setup low, a one pulse per revolution signal was omitted, so that the test data could be keyed to relative blade numbers only, rather than absolute numbers. 
Measurement Schedule
First measurements were taken using three equally spaced probes during slow accelerations and decelerations between 2000 rpm and 15,000 rpm, and then using five equally spaced probes between 10,000 rpm and 20,000 rpm.
Since there were only five probes available for the experiments, the two sets of observations were run successively. Table 1 : Observed vibration frequencies. They run higher than predicted, with the gap between observed and theoretical narrowing at high speeds Accelerations and decelerations lasted about three minutes each.
The tests were run at various gas flow restrictions (30%, 40% and 50% throttle setting, representing approximatively the choke-, the work-, and the surge line).
Measurement Data
Vibrations of appreciable amplitudes were observed in the first bending mode only. Plotted in Fig. 8 is the typical resonant vibration amplitude versus speed profile (the curve being constructed from the outputs of two individual measurements). Fig. 8 shows individual blade amplitudes across the rotor at the 9186-rpm resonance. Amplitude scatter about the mean value is 35%. The significant differences of the amplitudes of Fig. 8 are caused by aerodynamic coupling effects of the mistuned blades. While the rig is passing the resonance band of the 1F-bending modes during acceleration or deceleration, at each discrete step in the speed band different sets of combinations of blades are vibrating in resonance. Due to these different resonance blade packages and due to the corresponding different coupled unsteady airloads also the individual maximum resonance amplitudes of the blades are different. Table 1 indicates the main resonance points and derived therefrom the blade vibration frequencies at these resonances. The cited values are mean values taken across all blades. Individual value scatter is ±0.5%. All vibration amplitudes observed range far below the theoretical endurance limits (e.g. 4.7mm p for the 9180rpm resonance), so that the rig can safely be operated also at the resonance frequencies. The actual measuring campaign, including setup and teardown of the measuring system, took five days, and evaluation took another three days.
Total cost of the measurements was a low DM 20,000, or a fraction of what strain gauge instrumentation and signal transmission by slip ring or telemetry would have cost.
Conclusions
The numerical optimization technique is able to find solutions for the resonance tuning problem even for 'hopeless' blades without violating the aerodynamic needs in a very short time. The optical blade vibration measurement system helps cutting cost and experimental time, providing additional freuqency and amplitude information of any blade in the machine. Both techniques, the numerical optimization and the experi-ments, are now introduced in MTU's blade design process leading to a significant improvement in design quality and development lead time.
